Introduction
If a bluff or unstreamlined body is placed in the path of a fluid, vortices are shed alternately from opposite surfaces of the bluff body. The frequency of' of vortex shedding is given by f=~v = Kv (1) where v is the fluid velocity at the bluff body, d the width of the bluff body, S a dimensionless quantity termed the Strouhal number. K= S/d the meter factor. For well established turbulent flows Sand K are constant and independent of v, so that the frequency is proportional to velocity and therefore the volume flow rate, thus providing the basis of a flowmeter.
However, in turbulent flows, the fluid velocity vat any point in the fluid will vary randomly with time about a mean value. From equation (1) we see that there will be a corresponding variation in vortex frequency f This lack of repeatability infis quantified using percentage frequency standard deviation %0; this is the standard deviation of the variation in frequency of individual cycles expressed as a percentage of the mean frequency. Typically %0 is between 10% and 20% for vortex flowmeters, depending on the intensity of turbulence; the corresponding figures for turbine flow-meters are 1-3%. If vortex flow-meters, are to compete with turbine flowmeters for high accuracy applications, then their repeatability must be improved.
A typical vortex signal is approximately sinusoidal and subject to random fluctuations with time in amplitude, frequency and phase. Frequency can be measured by counting the number of complete cycles during a given time interval; this measured frequency will be subject to corresponding random variations with time. Suppose we have an array of several vortex sensors across a pipe diameter and measure the frequency of each vortex signal during a given time interval. We can use averaging, i.e. calculate the mean of these sensor frequencies. It is then possible that the random variations in time for this mean frequency will be smaller than the corresponding variations for the individual sensor frequencies, thus giving an improvement in repeatability. It will also be possible to measure volume flow-rate using integration. Here we divide the pipe into a number n of area elements i; the flow through each element is the product of velocity v and area M. The total volume flow rate is the sum of the element flows, i.e.:
(2) This paper describes the development of a vortex meter for the measurement of the flow rate of air in a wind tundel. The sensor array and associated signal conditioning circuits are described. Typical results are presented showing the effect of averaging and integration.
Wind Tunnel
The wind tunnel is shown in Figure 1 ; this has a diameter of 300mm and a conical inlet section; air is drawn through by a centrifugal fan driven by an electric motor. The tunnel was calibrated using Pitot tube traverse measurements. The calibrated range of mean air velocity across the duct is 2.9 m/s (motor speed 6 ) to 7.0 m/s (motor speed 17). This corresponds to volume flow rates between 0.20 and 0.51 cubic metres/second and pipe Reynolds numbers between 5.8xl0 4 and 1. 
Sensor Unit
The sensor unit shown in Figure 2 includes two bluff bodies in series, one rectangular upstream, one triangular downstream (A+I in reference I), each of width d =30mm.The vortices shed from this bluff body combination produce small, approximately sinusoidal, changes in pressure further downstream at the vortex frequency f These pressure variations are converted to electric charge by a 12-sensor array located 25mm downstream of this combination. Each sensor is a piezoelectric ceramic bimorph element with an 18mm x 18mm square plastic vane cemented onto it to increase surface area and therefore increase sensitivity to pressure.The centres of the sensors are 24mm apart, giving a 6mm gap between sensors.
Signal Conditioning Circuit
Each of the 12 sensors has an associated signal conditioning circuit as shown in Figure 3 . This converts the sensor output, which is an approximately sinusoidal variation in charge, into a series of rectangular voltage pulses. The first stage is a charge amplifier with a -3dB low frequency roll-offfrequency 0[3.4 Hz; this converts the charge variations into voltage. The second stage is an inverting voltage amplifier with a gain of 56; this also acts as a low-pass filter with a -3dB cut-off frequency of 86 Hz and removes high frequency electrical interference. The next stage is another inverting amplifier of gain 10 giving an overall voltage gain of 560. Finally a pnp transistor acting as a Scbmitt trigger converts the amplified sinusoidal voltage into a 0 to +5 V rectangular pulse train at the vortex frequency f Figure 4 is a block diagram of the frequency measurement system. The output of each of the 12 signal conditioning circuits is passed to a 16-bit counter/timer card and a desk top PC for processing and display.The counter/timer card has a 1kHz clock which enables a counting interval Tto be set up, where T=I,2,3, 10 seconds. At the beginning ofthe counting interval an initial number is loaded into the counter. Each positive edge of the vortex signal causes the counter to decrement by 1 until the end of the counting interval is reached. The measured vortex frequency over the counting interval T is then given by: Table 1 shows frequency results for a velocity of 5.6 m/s (motor speed 12) and a counting interval of 5 seconds; this screen presentation format is useful for system diagnosis. The table has 12 rows and 12 coluIlUls of data, each row corresponding to a given sensor and each column to a given counting interval. Therefore each of the 144 entries corresponds to the measured frequency for a given sensor over a given counting interval.
Frequency Measurement
Each horizontal row in the table gives the variation in frequency, for a given sensor, from one counting interval to the next. If we take sensor 6 as a typical example, moving along that row we note a random distribution of frequencies with a mean of 20.7 Hz, standard deviation of 0.69 Hz, and percentage standard deviation of3.4%. The row labelled' Mean Hz " near the bottom, gives the mean of the 12 sensor frequencies at each counting interval. Moving along this row, we see that the random variation in mean sensor frequencies is much smaller than for any of the rows of individual sensor frequencies. This is confIrmed by calculating the standard deviation of the mean sensor frequencies, this is 0.22 Hz or 0.98 % (Table 2, 5 sec. counting interval).
Each vertical coluIlUl in the table gives the variation in frequency, for a given counting interval, from one sensor to the next. Since frequency is proportional to fluid velocity (equation (1», then each vertical coluIlUl corresponds to the velocity profile measured over a given counting interval (note some interesting pipe wall effects here!). The coluIlUl labelled 'Mean Hz' on the right gives the mean frequency averaged over the 12 counting intervals, for each sensor, and corresponds to a time averaged velocity profile. This time averaged profIle shows a similar variation to all the individual counting interval profiles. This is because the velocity profile is a deterministic variation which is reinforced by averaging, in contrast to random variations which are reduced by averaging.
The volume flow-rate Q can now be found by spatial integration over the above time averaged frequency/velocity profile. From equations (1) and (2) we have:
Here meter factor K= 4.26, f; is the time averaged frequency corresponding to the i th. sensor, and AA; is the corresponding area element. 
Conclusion
This paper has described the development of a multi-channel vortex flowmeter based on an array of 12 piezoelectric bimorph sensors. It has shown that the repeatability ofvort~x frequency measurement can be improved by calculating the mean of the individual sensor frequencies. The volume flow-rate can also be found by spatial integration over the time averaged velocity profIle. A full programme of calibration tests needs to be carried out to establish the accuracy and repeatability of the volume flow-rate over a range of flow conditions.
Reference
(1) Bentley JP, Benson RA and ShanksAJ, The development of dual bluff body vortex f)owmeters, Flow Meas. Instrum, 1996, 7(2), 85-90.
